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Annexin-A5Free-standing lipid bilayers in nano- and micro-pores are interesting membrane models and attractive for bio-
technological applications. We describe here the controlled preparation of proteo-lipid mono- and bilayers
using the Langmuir–Schaefer transfer or Langmuir–Blodgett technique, respectively on hydrophobic and hydro-
philic surfaces.We demonstrate the formation of suspendedproteo-lipid layers by Transmission ElectronMicros-
copy (TEM) and in situ Atomic Force Microscopy (AFM) imaging. Using Annexin-A5 as a membrane-associated
protein, continuous proteo-lipid mono- and bilayers were formed, which span pore arrays over areas of several
square-micrometers. The 2D organization of proteins associated to lipid monolayer is well preserved during the
transfer process and the protein association is Ca2+-dependent and therefore reversible. The simple formation
and reliable transfer of stabilized free-standing lipid ﬁlms is a ﬁrst crucial step to create biomimetic membranes
for biotechnological applications and membrane protein research.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Artiﬁcial models of biological membranes are of interest in basic re-
search as well as for their application as biosensors and in drug screen-
ing [1,2]. Recently, several groups have made signiﬁcant advances in
membrane research by decoupling biomimetic membranes from the
supporting surface. Efforts have recently been spent to develop
supporting substrates in which micrometer or nanometer-sized
pores or pore arrays are etched. Nanowells on solid supports, nanopores
in glass membranes, and substrates with randomly distributed
and predeﬁned arrays of pores have been developed to suspend lipid
bilayers [3–10]. In the context of biomimetic membrane studies, such
free-standing or “suspended” membranes are a base to incorporate
transmembrane proteins such as ion channels whose activity can be
monitored electrochemically [11–14].
In the work presented here, the solid support used gives access to
both sides of the suspended membranes (Fig. 1). The advantage of this
concept is the possibility to add compounds (agonists, inhibitors or
drugs) on both sides of the bilayer. Moreover, silicon microfabrication
technologies can prepare 1 μm sized pores in which pore position,TEM, Transmission Electron
Biologie des Membranes &
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ights reserved.their array density and distribution in arrays can be predetermined
allowing localization and direct access to both sides of the suspended
membranes. Such supports are particularly favorable for various
surface-sensitive techniques to characterize suspended membranes,
and for biotechnological applications such as biosensors. In practical ap-
plications and for electricalmeasurements, spanning all the pores of the
substrate with a membrane is a prerequisite.
Various preparationmethods of neat lipid bilayers suspended across
micro- and nano-pores have been described [3–6,15–17]. Their charac-
terization, long-term stability and the incorporation of functional mem-
brane proteins remain major challenges [18]. In a few cases integral
membrane proteins have been inserted directly into preformed bilayers
[19–21]. Some studies have also reported the incorporation of ion chan-
nels into suspended bilayers, e.g. by fusion of proteoliposomes [22–27]
or via a mechanical probe [28].
This work describes the preparation of suspended proteo-lipid
layers over large arrays of pores of 1 μm diameter covering a total area
of several hundred μm2 (Fig. 1). The resulting artiﬁcial lipid ﬁlms did
not contain any organic solvent, and were composed of biologically rel-
evant neutral or negatively charged lipids facilitating incorporation of
proteins under suitable conditions.
The “proteo-lipid layers” consist of lipid mono- or bi-layers and
membrane-associated proteins binding via speciﬁc anchors, e.g. to neg-
atively charged lipids. In this approach, a proteo-lipidmono-layer is ﬁrst
formed at an air–water interface. The transfer of the interfacial ﬁlm is
then performed using a vertical Langmuir–Blodgett (LB) or a horizontal
Langmuir–Schaeffer (LS) deposition procedure. The layers are deposited
Fig. 1. Schematic illustration of sample preparations. A) By silanization the thin silicon nitride diaphragm on a silicon chip is made hydrophobic (red layer). Pores regularly arranged in
array have a diameter of 1 μm(cross-section view). A lipidmonolayer is enforced by associated Annexin-A5molecules in a calcium ion dependentmanner. B) The surface of the untreated
silicon nitride diaphragm is hydrophilic (blue layer). Lipid bilayers are formed on hydrophilic surfaces by interaction with AnxA5. Not drawn to scale.
2740 A. Simon et al. / Biochimica et Biophysica Acta 1828 (2013) 2739–2744to amicrostructured substrate by two successive vertical dippings of the
substrate through the air–buffer interface or by a horizontal transfer
from the top of the air–buffer interface to the substrate. The formation
of neat lipid bilayers by the LB method or streptavidin 2D crystals on
biotinylated lipid monolayers on plain supports is a classical method
[29,30]. This preparation of neat lipid bilayers by LB method has been
recently applied to silicon nitride membranes with arrays of pores
[31]. The LS technique has been applied to transfer protein two-
dimensional (2D) crystals onto electron microscopy (EM) grids [32].
In this case, protein 2D crystals are formed on lipid monolayers and
the resulting interfacial protein–lipid monolayer is transferred to EM
grids.Annexin-A5 (AnxA5), a soluble protein that binds in a Ca2+-de-
pendent manner to negatively charged lipids, in particular to
phosphatidylserine (PS), has been chosen for its known properties
to form 2D crystals [32–34]. Our objective was to exploit the 2D
crystal forming AnxA5 at the air–buffer interface upon binding to
phospholipid monolayers, in the presence of Ca2+, to negatively
charged phospholipids. One or two layers of quasi-crystalline
proteo-lipid monolayers can be transferred from the air–buffer in-
terface to a microstructured support. The subsequent characteriza-
tion of the transferred mono- and bilayers using Transmission
Electron Microscopy (TEM) or Atomic Force Microscopy (AFM) con-
ﬁrmed the feasibility of the proposed preparation technique.
2741A. Simon et al. / Biochimica et Biophysica Acta 1828 (2013) 2739–2744The present work describes a reliable procedure to form lipid bi-
layers with associated proteins which are suspended in micropores.
2. Materials and methods
2.1. Materials
The fabrication of the silicon substrates with arrays of regularly ar-
ranged pores was carried out as reported previously [35]. SEM images
of chip are provided in Appendix A (Supplementary data, Fig. S1).
AFM and TEM images of microstructured supports are shown in
Figs. 2A and 3A. Both hydrophilic and hydrophobic substrates [4], with
pores of 1 μm diameter, were used in this study. The surface roughness
of planar areas was determined over a square micrometer with a pixel
sampling of 512 points. All measurements have been repeated over
three samples and at least three times for one sample. The average
values were 2.1 nm/μm2 for hydrophobically silanized substrates and
2.6 nm/μm2 for hydrophilically untreated silicon substrates.
A buffer solution made of 150 mM NaCl, 3 mM NaN3 and 10 mM
HEPES, pH 7.4, prepared with ultrapure water (Maxima, USF ELGA,
Trappes, France) was used and is called buffer A. Buffer A was
supplemented with either 2 mM CaCl2 or 2 mM EGTA, as indicated in
the text.
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-
sn-glycero-3-phosphoserine (DOPS) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA.). A lipid solution made of a mixture of DOPC
and DOPS (molar ratio: 7:3) in chloroform was prepared by mixing the
desired lipid amounts.
Recombinant rat AnxA5was expressed in Escherichia coli BL21(DE3)
cells and puriﬁed by Superdex-75 (GE-Healthcare) size-exclusion
chromatography, followed by MonoQ HR5/5 (GE-Healthcare) anion-
exchange chromatography54 [36].
All other chemicals and solvents were purchased from Sigma
(St. Louis, MO).
2.2. Preparation and transfer of AnxA5-lipid monolayer
The preparation of AnxA5-lipid monolayers was carried out using a
Nima Langmuir–Blodgett trough (Nima Model 611) or, for LS transfer,
with a circular Teﬂon well (2 mm in diameter). The area of the NimaFig. 2. In situ AFM-images: A) silicon chipswith an array of pores of 1 μmdiameter, B) after depo
LB method and D) proteo-lipid ﬁlm by LS-method. Scale bars are (A, B, C, D) 1 μm and 1 μm in
before (Fig. 2A full line) and after (Fig. 2D dotted line) deposition of the proteo-lipid ﬁlm.trough was 30 cm × 20 cm and the instrument was equipped with a
moveable barrier. Surface pressure generated in the Nima trough was
measured with a Nima Wilhelmy balance using plates cut from
Whatman ﬁlter paper. AnxA5 concentration in the subphase, surface
of buffer and lipid quantities deposited on the top of the surfacewas de-
terminedwith the Nima trough andwith the Teﬂonwell. As AnxA5 self-
assemble by speciﬁc binding to DOPS-containing lipid monolayer in a
Ca2+-dependent manner, a composition of 70% DOPC and 30% DOPS
(as negatively charged lipids) and a buffer A prepared with 2 mM
CaCl2 is used.
The transfer of proteo-lipid ﬁlm onto microstructured supports was
carried out as follows: (1) AnxA5 was injected in the subphase at
0.1 mg/ml ﬁnal concentration in buffer A supplemented with 2 mM
CaCl2; (2) drops of DOPC/DOPS (7:3) solution in chloroform – 30 μl at
1 mg/ml or 1 μl at 0.3 mg/ml, depending on the trough used –were de-
posited on top of the subphase using a Hamilton seringe; (3) AnxA5
proteins present in the subphase interact with the lipid monolayer
and self-assemble into 2D crystals in the plane of the lipid monolayer;
(4) after 20 min incubation at room temperature, the ﬁlm was trans-
ferred onto a microstructured support using (i) a vertical Langmuir–
Blodgett ﬁlm deposition procedure consisting of two vertical dippings
of the support through the air/buffer interface or (ii) a horizontal Lang-
muir–Schaefer ﬁlm deposition procedure by one horizontal picking up
of the support. In the latter case, a hydrophobicmicrostructured support
wasdeposited on top of the interfacial proteo-lipidﬁlm andhorizontally
picked up. The LB technique was also applied to deposit a neat lipid bi-
layer, for comparison. Finally, whatever the adopted transfer method,
microstructured supports were maintained in Ca2+-containing buffer
A until their characterization by in situ AFM or ex situ TEM.2.3. Proteo-lipid ﬁlm characterization by AFM and TEM
The ﬁlms transferred on microstructured supports were studied in
situ by AFM. Images were acquired in Ca2+-containing buffer A, in con-
tact mode using a NanoscopeMultiMode AFM (Digital Instruments, CA)
equippedwith a J-scanner (120 μm) and silicon nitride cantilevers with
a 0.06 N/m nominal spring constant, at scanning rates of 2–4 Hz and a
scan angle of 0°. All imageswere recorded at the lowest possible applied
force (0.5 nN) and were ﬂattened off-line, using the standard Digitalsition of lipid ﬁlm transferred by the LBmethod; C) and E) proteo-lipid ﬁlm transferred by
height; (E) 40 nm and 50 nm in height. F) AFM line sections measured onto along a pore
Fig. 3.Transmission ElectronMicroscopy (TEM) images of A) a supportwith pore of 1 μmdiameter pores; B, C)microstructured supports after deposition of proteo-lipidﬁlmby LSmethod
and staining. Broken ﬁlms (B) or vesicular aggregates (C) are visible (arrows). Scale bars are 1 μm (A), 0.5 μm (B) and 50 nm (C).
2742 A. Simon et al. / Biochimica et Biophysica Acta 1828 (2013) 2739–2744Instruments software. Force indentation curveswere obtained according
to Mueller et al. [37].
For TEM observations, proteo-lipid ﬁlms transferred on the micro-
structured supports were rinsed 5 times with Ca2+-containing buffer
A, negatively stained with 1% uranyl acetate and coated with a thin
layer of carbon. TEM was performed with a Philips CM120 microscope
operating at 120 kV. Images were recorded with a USC1000-SSCCD
camera (Gatan) at a nominal magniﬁcation of 50,000×.
3. Results and discussion
3.1. Transfer of AnxA5-lipid ﬁlm onto pore array chips
Successful transfer of lipid ﬁlms or proteo-lipid ﬁlms onto micro-
structured supportswas conﬁrmedby contactmodeAFM (Fig. 2). Topo-
graphic images of surfaces of the bare support (Fig. 2A) and after lipid
bilayer (Fig. 2B) or proteo-lipid ﬁlm transfers (Figs. 2C and D) look sim-
ilar. The pores below theﬂat and defect-free lipid bilayer are still visible.
Fig. 2F shows typical cross-sections over pores before and after proteo-
lipid ﬁlm deposition. This indicates that free-standing proteo-lipid ﬁlm
forms at the top of the support. Note in Fig. 2F that scan lines direction of
the AFM tip appeared on the cross-sections by deformed lines. A
marked difference was noticed upon measuring the penetration depth
of the AFM tip into the pores after the transfer of lipid bilayers. As
shown in Table 1, the AFM tip penetrates 560 nm below the chip sur-
face when the pores are open and only around 300 nm, when a bilayer
or a proteo-lipidﬁlm is present. The images conﬁrm that the transferred
bilayers span all the 1 μm pores in the array area of 6 μm × 6 μm. For-
mation of free-standing lipid bilayers over areas of several square mi-
crometers was also demonstrated by ﬂuorescence images using
another preparation method (Supplementary data, Fig. S2).
If AnxA5 is present in the suspended lipid bilayers, the indentation of
the AFM tip was signiﬁcantly lower (Table 1). It is well established that
for soft and deformable samples, indentation depends on various contri-
butions, which are elastic parameters, force applied, tip geometric shape,
pore radius and thickness of sample [38,39]. The lower indentation of
proteo-lipid ﬁlms as compared with lipid ﬁlms could be explained by
the thickness of AnxA5 layer added onto lipid ﬁlm since the height of
AnxA5 molecules is at 3.5 nm as precisely determined by X-rayTable 1
Indentation values within the pore area before and after LB- or LS-deposition of lipid
mono- and bilayers imaged by contact AFM at the lowest applied force possible. Values
were determined as maximal relative difference in height of pore proﬁle and averaged
over eight experiments.
Indentation values within the pores imaged by
contact AFM at minimal low load force [nm]
Bare substrate 560 ± 20
Lipid bilayer 380 ± 40
AnxA5-lipid bilayer 310 ± 10
AnxA5-lipid monolayer 290 ± 40crystallography and electron microscopy [40,41]. It is also possible that
the associated AnxA5 molecules enforce lipid bilayers. This is in line
with previous studies showing that AnxA5 2D arrays rigidify lipidmono-
layers [42] and reduce the lateral diffusion of phospholipids [43].
3.2. Characterization of AnxA5 protein assemblies after transfer
Proteo-lipid bilayers suspended over pores were investigated by
AFM.When proteo-lipid bilayers have been formed after two successive
transfers of proteo-lipid monolayers by the LB technique, AFM-images
(Fig. 2C) look similar to neat lipid monolayers transferred by the same
method. This image showed no 2D crystal features expected for
AnxA5 such as trimers or arrays at varying AFM scanning parameters
as applied force, imaging area size and scan velocity (Fig. 2E). At the
air–water interface on electron microscopy grid AnxA5 assemblies on
lipid monolayers form 2D crystals, as earlier demonstrated using TEM
investigations [32,33,41,44]. To verify that the 2D crystalline state of
AnxA5 monolayers present at the air–water interface was preserved
after LS transfer onto a microstructured hydrophobic silicon substrate,
we investigated the preparations on micropores using TEM. Fig. 3B
shows a homogeneous layer of uniform grayness which can be
interpreted as uniform thickness of the layers. We concluded that a
proteo-lipid layer was formed. Whole pores are covered with intact
proteo-lipid layers, but some of them can break (see arrows in Fig. 3B)
due tomechanical stress applied during transfer and staining processes.
AFM-image (Fig. 2D) unambiguously shows that the proteo-lipid
monolayer covers the substrate spanning the pores. In addition, some
aggregates of small size (arrows in Fig. 3C) have been observed, as
often found with such ﬁlms. However, objects of about 8–10 nm in di-
ameter can be resolved, which are characteristic for AnxA5 trimers
known to occur on lipid membrane [45].
AnxA5-lipid monolayers were also transferred by the LS method
onto the hydrophobic support, as demonstrated by the representative
AFM-image (Fig. 4A) acquired using contact mode in buffer solution
over a pore. At optimal conditions by applying the lowest possible
force, high resolution images from suspended proteo-lipid layers were
obtained in a ﬁeld of view of 200 nm. A clear 2D crystalline organization
is visible, with a quasi-hexagonal lattice, 9-nm spacing width and a p3
AnxA5 crystal form [46]. We also showed AFM images of the AnxA5
crystal forms observed on supported lipid bilayers (see Supplementary
data, Fig. S3). This ﬁnding demonstrates that protein 2D crystals can be
unambiguously resolved using in situ AFM, even in soft proteo-lipid
ﬁlms suspended over pores of 1 μm diameter. Ordered 2D protein as-
semblies onto lipid monolayer are still present in the free-standing
layer after the transfer. Furthermore, the crystalline organization disap-
pears upon addition of EGTA (Fig. 4B) and is restored by addition of
AnxA5 and Ca2+ (Fig. 4C) to the featureless suspended lipid monolayer
(Fig. 4B).
These results allow us to propose amodel of lipidmonolayer after LS
transfer (Fig. 1A). Crystals of AnxA5 on a single lipid monolayer over
pores can be visualized by AFM after the transfer. Due to the stabilizing
Fig. 4. In situ AFM-images A) of lipidmonolayers suspendedwithin pores after transfer by LS-method, B) after addition of EGTA-containingbuffer and C) after addition of AnxA5 solution in
Ca2+-containing buffer. (A and C, inset) 2-D power spectrum corresponding to the p3 and p6 crystal forms. Lattice orientations of AnxA5 crystals are indicatedwith white lines. Scale bars
are 40 nm, 3 nm in height.
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layers, the transfer over an array of pores of about 1 μm diameter be-
comes possible. Even if a mechanical stress is applied to the proteo-
lipid ﬁlms during the transfer, the AnxA5 crystal reinforce the lipid as-
sembly in the monolayer. By addition of Ca2+-chelators such as EGTA,
the membrane-associated AnxA5 molecules can be released from the
bilayer. The lipid assembly consists of a lipidmonolayer since the crystal
reformation is observed upon depletion and addition of Ca2+. Thus, this
associatedprotein serves as a reversible reinforcement. This assumption
is conﬁrmed by force indentation curves obtained from free-standing
proteo-lipid ﬁlm and free-standing lipid ﬁlm shown in Fig. 5. During ap-
proaching tip, no cantilever instability was observed on free-standing
proteo-lipid ﬁlm as well as on free-standing lipid ﬁlm. The attractive
forces between tip and free-standing proteo-lipid ﬁlms are negligible
whereas they are detected between tip and free-standing lipid ﬁlms.
Then, the tip is in contact with free-standing ﬁlms. It indents the ﬁlms,
giving a lower indentation in the free-standing proteo-lipid ﬁlm than
in free-standing lipid ﬁlm. These results suggest that free-standing
lipid ﬁlms are softer than free-standing proteo-lipid ﬁlms. The indenta-
tion depth difference probably reﬂects a combination of protein layer
and lipid layer elasticities and effect of structure and thickness of pro-
tein layer.
From results obtained on proteo-lipid ﬁlms formed on hydrophilic
surfaces, we proposed that AnxA5molecules are associated to a lipid bi-
layer (Fig. 1B). Indentation proﬁles (Table 1) and AFM-images (Fig. 2C)
look as the suspended proteo-lipid monolayers (Fig. 2D). However,
AnxA5 crystals cannot be observed, what can be compared with results
reported by others and attributed to several factors. But at this point,
only speculations can be made.Fig. 5. Representative force indentation curves taken in the center of pore obtained from a
pore spanning proteo-lipid monolayer (1, blue) and a pore spanning lipid monolayer
(2, red).Thehydrophilic silica surface induces aweak strain to the suspended
proteo-lipid bilayer. The presence of a thinwater layer between the sub-
strate and the proteo-lipid bilayer results in a bending of the ﬁlm into
the pore. This assumption is consistent with ﬁndings by [39] who ob-
served a bending and lateral tension of suspended lipid bilayer upon
force load. In contrast, proteo-lipid monolayers are strained on the
pore rims due to the interaction between the lipid tails of lipid mole-
cules and hydrophobically modiﬁed supports.
An alternative explanation is that ﬂuctuation properties of lipid bi-
layer compared to lipid monolayer are different. Charitat et al. describe
dynamic properties of single and double supported lipid bilayers on
surfaces using neutron and X-ray scattering [47,48]. The question of
thermal agitation of lipid membrane should be more complex when
free-standing lipid ﬁlms over arrays of pores of 1 μm diameter are con-
sidered. Both the AnxA5 crystal structure and thermal ﬂuctuations are
correlated and this could be an important factor in the AnxA5 crystal
observation.
The observed difference between two preparation methods might
also be explained by a different lateral diffusion of AnxA5 molecules
on lipid mono- and bilayers, respectively. Diffusion is a key parameter
in the formation of 2D crystals.4. Conclusions
The presented data show that lipidmono- and bilayerswith 2D crys-
tals and unorderedmembrane-associated proteins can be transferred to
open pores of 1 μm diameter avoiding the use of organic solvents. The
resulting free-standing layers can be characterized by in situ AFM.
The associated proteins can be released by addition of Ca2+-chelators
after the transfer. This opens the possibility to integrate membrane-
spanning proteins such as ion channels, transporters and GPCRs by fu-
sion of proteoliposomes to such preformed bilayers. The potential of
free-standing lipid bilayers on nanopores for applications in membrane
protein research and drug discovery has been outlined. Artiﬁcial proteo-
lipid bilayers separating two compartments offer possibility to screen
translocation and diffusion of drugs across membranes at deﬁned
conditions.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2013.07.028.Acknowledgements
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